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We present the result of a theoretical study of the quasifree electrofissfdfofThe exclusive differential
cross sections for the quasifree scattering reaction stage have been calculated in plane wave impulse approxi-
mation, using a macroscopic-microscopic approach for the description of the proton bound states. The nuclear
shape was parametrized in terms of Cassinian ovoids. The equilibrium deformation parameters have been
calculated by minimizing the total nuclear energy. In the calculation the axially deformed Woods-Saxon
single-particle potential was used. The obtained single-particle momentum distributions were averaged over the
nuclear symmetry axis direction. The occupation numbers were calculated in the BCS approach. The fissility
for the single-hole excited states of the residual nucféRa was calculated on the statistical theory grounds,
both without taking into account the preequilibrium emission of the particle and with preequilibrium emission
in the framework of the exciton model.
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[. INTRODUCTION should be more sensitive to the individual structure of this
initial state as compared with conventional reactions, where
Quasifree(QF) scattering of high energy electrons on nu-the effects of the structure are averaged out over many
clei is the field of nuclear physics which is traditionally de- single-particle states forming the doorway.
voted to the study of the single-particle aspects of nuclear The unambiguous extraction of single-hole contributions
structure: single-particle binding energies, momentum distriis possible only in an exclusive experimental schéneac-
butions, occupation numbers, ef&]. tion (e,e’pf)] and involves extremely thin targetfission
A new branch of these investigations is the study of decajragments have to leave the target with small energy I9sses
channels of single-hole states in the residual nucleus, creatéigh energy resolution, and coincidence requirement be-
as a result of the QF process. Especially interesting is teween the final particles in order to separate the single-hole
study a fission decay following a QF process. In this case wetates. The exclusivee(e’pf) experiment is very difficult
have a single-particle process in the first reaction stage, arfdr practical realization, and has never been performed so far.
essentially a collective process in the final reaction stageThe integral contribution of the quasifree electron scattering
The collective degrees of freedom are excited in the intermeto the fission process was studied only in inclusive experi-
diate reaction stage due the residual interaction. ments: €,f) [2] and ,e'f) [3]. These works dealt only
This is a new sort of nuclear reaction, which may allowwith the issue of the QF contribution in electrofission.
one to get unique information on the dissociation of well  The advent of high energy, cw, electron accelerators com-
defined single-hole configuratiog/hich we can select by bined with the development of high resolution facilities,
coincidence ¢,e'p)] into complex nuclear configurations, opens the possibility of studying the fission channel for qua-
and its role in nuclear fission. The new and most importantifree electron scattering in an exclusive experimental setup.
aspect of this reaction is that, after knocking out a proton, wehe most suitable accelerator for this experiment is at the
obtain the heavy nucleiPa in a single-hole doorway state Thomas Jefferson National Accelerator FaciliydNAF).
(see discussion belgywhich could undergo nuclear fission. For excitation of the residual nucleus to a well-defined
Indeed, instead of dealing with collective doorway statessingle-hole state, the initial and final state interactions have
which are coherent sums of a great number pflh con-  to be negligible. This situation corresponds to high momen-
figurations(as the well-known giant resonangethese non- tum transfer and high proton exit energy, when the plane
collective doorway states will be represented by only onewave impulse approximatioPWIA) for the calculation of
well defined, h configuration. The residual interaction in the quasifree electron scattering cross section is valid.
Z’Pa mixes these H. configurations into more complicate  This work presents the results of PWIA calculations for
2h-1p and $-2p ones. So, there would be some competingthe quasifree €,e’ p)-differential cross section for deformed
channels for fission. It may occur either directly froth 1 orbitals of 2%, in the framework of the macroscopic-
configurations, or, with some delay, from mixed states  microscopic approach, plus an estimate of the fissility for
their components In a QF process we have in the initial single-hole states in the residual nucléd®a, performed on
state only one configuration; thus, the fission probabHty the statistical theory grounds. These calculations could serve
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FIG. 1. Momentum diagram of
the A(e,e’p)A—1 reaction in the
impulse approximationk; andk,
are the initial and final electron
momenta, respectivelyp,, is the
momentum of proton before inter-
action; p, is the momentum of
knocked-out proton.

as first order magnitude guideline for expected cross segs the off-shell electron-nucleon cross section &H,,,p)
tions. is the spectral function that defines the combined probability
to find a bound proton with momentupy, on the shell with
Il. PWIA CROSS SECTION separation energg,, .
The kinematic functiond/ in Eq. (3) can be expressed,

In the first order Born approximation the electron with neglecting the mass of the electron, as

initial  four-momentum km:(l?l,isl) and final k,

=(I22,i82) transfers a virtual photon with four-momentum qi
qﬂ=(ﬁ,iw)=klﬂ—k2w resulting in the final state a VC:?’ )
knocked-out nucleon 9witt'pM=(5p,iEp) and a residual
nUC|EUS WithPA*l,u.:(PA*liiEA*l)' qz 0.
In the impulse approximation a virtual photon interacts VT:—”2+tar12 Ee) (5)

with a bound nucleofproton or neutronof four-momentum
Pm=(Pm.iEmy), Which exits the nucleus with four-

- 2 2
momentump .= (pp.iE) without further interactior{no fi V,=%cos¢> %thanz Ze|. ©6)
nal state interaction The corresponding momentum diagram g2 g2 2
in the impulse approximation is shown in Fig. 1 for the labo-
ratory system. o 0
In the PWIA p,=—Pa_;, and the missing quantities VS=—‘2'“CO§¢>+tan2 ie) (7)
(momentum and energy of the proton before interagt@am q
be defined from the energy and momentum conservation law
in the following way: and
- . 0
Pm=Pp—0d, @ 00522 26, 0.
Tmott= | 1 — Sirf > €)
Em=w—Tp—TA_1, (1) 48%5"14?6‘ p

whereE,=M,_1+my—M, is the proton missingor sepa- ) )

ratior) energy,T, is the kinetic energy of the outgoing pro- is the Mott cross sectiony is the angle betwe»en thefcatter—
ton, andT,_; is the kinetic energy of the residual nucleus. ing plane and the plane defined by the vecigysandq.

The momentum and energy transfer of the virtual photon can For the structure function®/ in Eq. (3) we use the off-

be varied independently. shell prescription of de Foref#]
In the PWIA the sixfolded differential cross section of the .
(e,e'p) reaction in the laboratory system has the following 1 — q
: We=——/{ (E+Ep)?| F2+ —2 «k2F2
form [4]: c JEE, ( )| F1 P pF2
dbo _ -
W_ppEpaeps(Emapm)v 2 —Q2(F 1+ kpF2)2
where az
Wr=—=—(F1+KpF2)?,
Tep= OTmotd VcWe + VWi + VW, + VW) (3) 2EE,
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The energy of the nucleus is presented as

Eiot=ELp T 6Eshelr (17)

whereE, p is the macroscopic liquid drop part of the energy
and 6Eg,,¢ is the shell correction, which describes shell and
pairing effects. Both shell correction and the macroscopic
part of the energy have been calculated according}o

where k,=1.793 is the anomalous magnetic moment of the

proton in units of the Bohr magneton

E=\p3+m?, (10

m, is the mass of tbe prot(zﬁﬂ =(ﬁ,i;), 0= Ep—E vy is
the angle betweep, andq. F, and F, are the on-shell
Dirac and Pauli proton form factors, respectively,

2

q
Fi(a)= 5| Ge(a2) + —5Gu(a2) |, (1)
14 e 4mj,
2
4mp
KpFal 2>=#[G (02)—-Ge(a2)], (12
ph2 q/_l, 2 M qlu, E q/_l, ’
1+ —~
4mj
where
2 1 -
GE(qM): 2 I (13)
14 e
0.71
Gm(92) = mpGe(a?), (14)

up=2.793 is the proton magnetic moment in units of the

Bohr magneton anqi in Eq. (13) is in (GeVic)?.

In the independent particle shell model the spectral func-

tion for the spherical orbitala=nlj with binding energyg,,
takes the simple form

S(Em,Pm)=8(E—E,)v2N,(Pm), (15

A. Nuclear shape parametrization

Only axially symmetric nuclear shapes have been consid-
ered in the present work, and the deformed sHapeto and
beyond its separation into two fragmentsan be conve-
niently described by the Cassini ovoifs7]. The potential-
energy surfaces are calculated as functions ¢élongation
and a, (hexadecapolar momentumFrom these potential-
energy surfaces, the equilibriufground statg deformation
parameters anda, were calculated by minimizing the total
nuclear energyEq. (17)], e =0.227 anda,= 0.059.

B. Nuclear potential

A Woods-Saxon potentidl8], consisting of the central
partV, spin-orbitVg,, and the Coulomb potentidlc,,, for
protons, was employed as

VW(r,z,6,0)=V(r,2,e,a) + Vs (I, Z,6,2)

+VCOU|(r121812¥) . (18)

The real potentia}\/(r,z,s,&) involves the parametersgyy

ro, anda, describing the depth of the central potential, the
radius, and the diffuseness parameter, respectively, and it is
expressed as

- Vo
V(r,z,e,a)= - ~
Dist(r,z,e,a)
1+ex T

, (19

whereDist(r ,z,s,&) is the distance between a point and the

nuclear surface, and and « are deformation parameters.
The depth of the central potential is parametrized as

where vi and na(ﬁm) are the occupation number and mo- (20)
mentum distribution of ther orbital, respectively. The six-

folded (e,e'p) cross section could be transformed into awith the plus sign for protons and the minus sign for neu-
fivefolded one as trons, with the constant=0.63.

The spin-orbit interaction is then given by

Vo=Vo[1= k(N=2Z)/(N+2Z)]

s _ E n.(p 16
m—pp pTeplaNa(Pm) (16) i ho\2 o
Veo(r,z,e,a)=\ >Mc VV(r,z,e,a) - (oXp), (21)
where it is imposed energy and momentum conservation for

the kinematics variables i, where\ denotes the strength of the spin-orbit potential and
M is the nucleon mass. The vector operaﬁorstands for
Pauli matrices ang is the linear momentum operator.

The single-particle bound state energies and momentum The Coulomb potential is assumed to be that correspond-
distributions were calculated in the framework of theing to the nuclear chargeZ¢-1)e, taken to be uniformly

macroscopic-microscopic approach by using #r®kRIiER  distributed inside the nucleus. It is computed in cylindrical
code[5]. coordinates by using the expression giveri6h

I1l. SINGLE-PARTICLE BOUND STATES

044611-3



V. P. LIKHACHEYV et al. PHYSICAL REVIEW C 65 044611

C. Single-particle potential parameter definitions
1.0

For the ground state deformation 6%, small changes
in \ (spin-orbit potential strengitandr_, (spin-orbit po-
tential radiug of the Chepurnov parametef8] are intro-  «, 08
duced in order to reproduce adequately the spin/parity of the
levels sequence. Using single-particle states obtained by thi &
procedure, the quasiparticle states can be calculated for th §
first minimum region, providing spin, parity, energy, and <
level spacing for the ground and some low-lying states. The;% 0.4
guasiparticle spectrum was obtained by using the semimicro &
scopic combined methdd.0]. §

0.6

The potential parameters were chosen to give the best fi 027
to the spectrum of single-quasiparticle excitations of the
Z-odd neighboring nuclef*Np. 0T
8 -6 -4 -2 0 2 4
E-¢ (MeV)

D. Single-particle wave functions

The Hamiltonian matrix elements are calculated with the FIG. 2. Occupation probabilities for the single-particle bound
wave functions of a deformed axially symmetric oscillator states of**%U.
potential. The wave functions in the coordinate spacare
expanded into eigenfunctions of the axially deformed har- ~ 1
monic oscillator potential. Dr(kk)=—== X I 21904 +r
These eigenfunctions form a complete orthonormal basis e My Nz A,

for the single-particle Woods-Saxon wave function i ~ >
s Xclnp,nZ,A,ECan,nZ,A,E(KvO')- (28)

¥i(Ro)= nEA s Ch,n,as®n,n, 2 5(R0). (22) These single-particle momentum distributionéK) were
P averaged over nuclear symmetry axis directions.
From this expansion, we may conveniently express the Similar to the total density
single-particle Woods-Saxon wave function in momentum

space p(R)=2 20/pi(R), (29

T(K,0)= > C

C2e Congas®n,n,ax(K0) (23)  the total momentum distribution is given by
pNz: A

with n(K)=2 207n(K), (30
I
~ > 1 > B > 2 . . o .
b, 'nz’A'E(R’U):_3/2f dRe ®Rep nax(Ro) where v is the occupation probability resulting from the
P 2 P BCS model[10,11].
(24) The results for the occupation number calculations are

shown in Fig. 2. The energies of th&®U proton bound

normalized to one. .
states are shown in Table I.

We define densitieswi(IZ) in momentum space in an
analogous way to that in the configuration space, V. FISSILITY
pi(R)=pi(r,2)=|®; (r,2)[*+|®; (r,2)]%, (25 The quasifree knockout of nucleons leads to the excitation
_ of the residual nucleus. This excitation ener@/ ( nucleus
with A—1) has two origins: holes in the shells of the nucléys
which appear as a result of the knockout of nucleons, and

+ 1 i final state interactiorfFSI) of the outgoing nucleon, which
dE(rz)=—= 52,t1/25A,iACInp,nZ,A,E FSh gomns .

\/ﬂnp,nz,/\,z we assume as negligible due to the high energy of the
proton.
XP, 'A'E(Ii,a'), (26) The fast, quasifree reaction stage occurs at zero thermal
re excitation(ground stateof the initial nucleus?*®U, and re-
and sults in a single hole in one of the shells. This single-hole

configuration forms a doorway for a thermalization process
ni(K)=n;(k,ky)=|®"(k,k,)|2+|D; (k.k,)|?, (270  thatleads to the thermal excitati@&t of the residual nucleus
237
Pa.
with The thermalization is a complicate process that involves
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TABLE I. Proton single-particle levels of*®U. The Fermi level is the level 46.

(MeV) J [Nn,A] (MeV) J [Nn,A] (MeV) J [Nn,A]
1 —33.685 1/2 1/2000Q] 23 —16.192 —3/2 3/2[301] 45 —7.491 3/2 3/44 0 2]
2 —31.397 -1/2 1/2[1 1 Q] 24 —15.490 —-1/2 1/2[30 1 46 —7.195 1/2 1/24 0 0]
3 —30.043 —3/2 3/2[10 1] 25 —15.415 712 7124 1 3| 47 —6.277 5/2 5/26 4 2
4 —29.670 -1/2 1/2[1 0 1 26 —14.529 9/2 9/44 0 4] 48 —6.189 —5/2 5/2[5 2 3|
5 —28.141 1/2 14220 27 —14.302 3/2 314422 49 -5348 —3/2  32[521]
6 —26.630 32 3/42 1 1] 28 —13.984 -1/2 1/2[5 3 Q] 50 —4.827 712 7146 3 3
7 —25.963 1/2 14211 29 —13.111 1/2 14420 51 —4340 —7/2 712[51 4
8 —25.542 5/2 5/42 0 2] 30 -—13.091 -3/2 3/2[5 4 1] 52 —-3.949 172 1/2[5 2 1]
9 —24.473 32 3/42 0 2] 31 —12.383 5/2 5/44 1 3 53 —3.667 1/2 1/26 5 1
10 —24.025 —-1/2 1/2[3 3 O 32 —11.735 —5/2 5/2[5 3 2] 54 —3.465 —5/2 5/2[5 1 2|
11 —22.836 1/2 1/42 0 0] 33 —11.053 7/2 7144 0 4] 55 —3.417 9/2 9/46 2 4]
12 —-22.716  —3/2 3/2[321] 34 —10.831 3/2 3/44 1 1] 56 —-3.0561 —9/2 9/2[5 0 5]
13 —21.614 —-1/2 1/2[3 2 1 35 —10.388 —-1/2 1/2[5 4 1 57 —2.261 11/2 11/26 1 5]
14 —21.292 —5/2 5/2[3 1 2] 36 —10.280 —712 7/2[5 2 3| 58 —2.207 -1/2 1/2[7 5 Q]
15 —20.333 =712 7/2[3 0 3| 37 —9.794 1/2 1/24 1 1) 59 —2.182 712 7/25 0 3|
16 —19.621 —3/2 3/2[31 2] 38 —9.301 5/2 5/24 0 2| 60 —1.773 3/2 3/26 4 2|
17  —19.254 1/2 14420 39 —9.054 —9/2 9/2[514 61 —1.669 1/2 1/26 4 0]
18 —-18.229 —-5/2 5/2[3 0 3 40 —8.356 -3/2 3/2[53 2] 62 —-1.553 —3/2 3/2[7 4 1]
19 —18.189 32 3/44 3 1] 41 —8.276 1/2 1/76 4 Q] 63 —1.459 13/2 13/26 0 6]
20 —-18.130 —1/2 1/2[31 Q] 42 —8.217 -11/2 11/2[5 0 5] 64 —1118 -—-3/2 3/2[51 2
21 —16.730 5/2 5/44 2 2] 43 —7.624 -1/2 1/2[5 3 Q] 65 —1.065 —1/2 1/2[5 1 Q]
22 —16.416 1/2 1/74 3 1] 44 —7.597 3/2 3/46 5 1] 66 —-0.393 —-5/2 5/2[7 5 2]

creation of new many particle-hole configurations in compe-whereE,, is the energy of the bound statieole).

tition with particles emission and fission, and for some door- For calculations of compound nucleus fissility we used

way configurations it might have nonstatistical character, butthe Bohr-Wheelef12] and Weisskopf13] models for the

as a first guideline for order of magnitude estimates we caldescription of the evaporation/fission competition. We devel-

culate the total fission probabilittnucleus with energyg* oped a Monte Carlo algorithm for the evaporation/fission

deexcites in several stepsn the statistical theory grounds, processes, which includes not only the neutron evaporation
both with and without taking into account the preequilibrium vs fission competition, but also takes into account the proton
decay. and a-patrticle contributions.

The probability for the emission of a particjewith ki-
netic energy betweek, and E;+dE, is calculated within
the Weisskopf statistical modgL3] as

First, we considered an extreme situation, by assuming
that the residual interaction leads to thermalization and for- pi
mation of compound nucleus just after the fast reaction PHEWdE= VJUJEk(f)dEk, (32)
stage, without any preequilibrium particle emission. In this P

case, the compound nucleus excitation energy is assumed to ) ) )
be whereo; is the nuclear capture cross section for the particle

i, v;=gm/7?h®, whereg denotes the number of spin states
E*=—-E,+¢&;, (31) andmis the particle mass. The level densities for the initial

A. Compound nucleus model
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and final nucleusp; and ps, respectively, are calculated

from the Fermi gas expression
p(Ef)=exd2(aEf)"],
wherea is the level density parametésee belowy,

Ef =E*—(Bj+V)), (33

whereE* is the nuclear excitation energy in the initial state,

B; is the particle separation energy, avgis the Coulomb
barrier corrected for the nuclear temperaturelefined by
*=arl.
The particle emission width is calculated as

E*

From this general equation, thkeparticle emission prob-
ability relative to thej-particle emission is

Do [ 2B 3 oo a2 aEn) ™. (39
Iy 7 EF a “ o

The level density parameter for neutron emissiofili4

a,=(0.134A—1.21x 10 *A?%) MeV 1, (36)

and for all other particle emission this quantity is related to

a, by
(37

aj:rja.n,

wherer; is an adimensional constant.

Shell model correctionfl5] are not taken into account.

PHYSICAL REVIEW C65 044611

2E;
- ( E_> exd 2(an) A (raE) - (B, (4

n

In the above equations, the Coulomb potential for protons
is [17]

kp(Z—1)€?
Vp=C—i—, (42)
ro(A—4)"3+R,

and for « particles,

2K (Z—2)e?
Vo=Cor—, (43)
ro(A—4)3+R,

whereK,=0.70 andK,=0.83 are the Coulomb barrier pen-
etrability for protons anda particles, respectivelyR,
=1.14 fm is the proton radius},=2.16 fm is thea par-

ticle radius; andry=1.2 fm. The factorC introduces in a
semiempirical way the dynamical effects in particle separa-
tion energy and fission barrier due to the nuclear temperature
[17], namely,

*
(44)
where B is the total nuclear

=1794 MeV for 2*"Pa[17]).
The fission barrier is calculated (§7]

binding energy B(
Bi=C(0.27A—-Z]-1.4+101.5 MeV. (45)

The neutron separation energy was taken as 5.78 MeV
for the first step £'Pa), and for the other steps [d5]

B,=(—0.16A—Z)+0.2%+5.6) (46)

For high excitation energies their effects are likely to cancel
each other upon averaging over all possible nuclei createdhile the proton andy-particle separation energies are cal-

during the reaction.
Using the fission width from the liquid drop model2],
and the neutron emission width from Weisskop8], we get

i Krexr 2{(aiEf) = (a,Ex) 3],

T (38)

where

2(afEf)1*-1

Ki=Koa
PO a2 Er

(39

with K,=14.39 MeV andE] =E* —B;. HereB; is the fis-
sion barrier height discussed below.
For proton emission we get

!

E*
F—;’ = ( E—") exd 2(an) Y4 (r E5) Y2~ (EX)¥3], (40

n

and for a-particle emissiorj14,16|

culated through the nuclear mass form[18]

Bp=mp+M(A-1Z2-1)—M(A,2), 47
wherem, is the proton mass ani(A,Z) is the nuclear
mass calculated with the parameters from R&8]. For the
a particles we get
B,=my+M(A-42-2)—-M(A,Z), (48
wherem, is the « particle mass.
These values reproduce the experimental datdPfofsee
discussion beloyv
The present Monte Carlo code for evaporation fission cal-
culates, at each steapof the evaporation chain, the fission
probability F; defined as
£
Un/,

1+(Ff) + Fp) +
T, "\To).
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08 T T : T y T g fissility reflect the opening of the fission channel in the
daughter nuclei. Figure 3 also shoysctangle the data for

the fissility of 2*’Pa obtained by extrapolation of the neutron
to fission widths ratios foZ =91, andA=230-237[19], by
using the empirical trend presented in Vandenbosch and Hui-
zenga[16].

It should be pointed out that in our calculations of the
fissility we assumed that the hole excitation energies for an
A—1 nucleus correspond to the compound nucleus excita-
tion energies, that is to say, the complete thermalization is
reached without any preequilibrium decay. Such calculations
could be considered as an upper limit estimate for the
fissility.

Fissility
o
'
1

0.2 1

0.0 — T r T . T . B. Exciton model
0 10 20 30 40

Excitation energy (MeV) During the thermalization of the hole excitation energy,
the nucleusA—1 could undergo particle evaporatigpre-
FIG. 3. Fissility of>>"Pa vs the hole excitation energy. The solid equilibrium decay[20,21]).
curve shows the compound nucleus model calculation, assuming In this case, the energy of the hole is not attributed to the
that the hole excitation energies correspond to the compoung@uclear temperature but, instead, assumed as a characteristic
nucleus excitation energies: the complete thermalization is reachegf the doorway state in the thermalization process followed
without any preequilibrium decay. The dotted curve corresponds tgy the emission of particles or fission.
the exciton model calculations, that take into account the preequi- The calculation involving the preequilibrium decay was
librium decay. The rectangle shows the extrapolated eXperiment%erformed within the framework of the exciton mod&p],
data(see text for details using the codsTAPRE In this model, the states of the system
: . are classified according to the number of excitonsvhich
An evaporatm_g particly IS randomly cho_ser(neutrory, corresponds to the total number of excited parténd hole
proton, or a particle, according to its relative branching h degrees of freedonm=p-+h. The exciton model included
ratios. Once one of these particles is chosen, the mass aﬂgdSTAPRE does not distinguish between protons and neu-

atomic numbers are recalculated through trons. Starting from a simple configuration of low exciton

A =A—AA, number, the system is assumed to equilibrate through a series
of two-body collisions and to emit particles from all interme-
and diate states. The application of a two-body interaction to the
states of a |f,h) configuration results in states withp (
Zi1=2Zi—AZ;, +1h+1), (p,h), and p—1h—1) excited particles and

) . holes. The difference between the number of excited par-
whereAA; and AZ; are, respectively, the mass and atomiCyjcjes and holes remains fixed, justifying the use of the exci-
numbers of the ejected particle at tith step in the evapo- 5y number to label the states. However, the transition rates,
ration process. The nuplear excitation energy is modified aczhich are an average over all states of a configuration, do
cording to the expression depend on the number of excited particles and holes. The
equation governing the time development of the occupation

EXY ,=E'-B,—T, d ; ; .
R bl P(n) of the nth exciton configuration can thus be written as

whereB; andT; are the separation and the asymptotic kinetic dP(n)

energies of the particle being ejected, respectively. For neu- ———=A_(N+2)P(n+2)+X\y(n)P(n)

trons T=2 MeV, and for protons anda particles T dt

=0 MeV. The expressions described above ensure that the 7. (N=2)P(n=2)=A(N)P(n), (50

nuclear excitation energy will be, at each step in the evapo-
ration chain, smaller than in the previous step. This procesghere\ (n) is the total transition rate
continues until the excitation energy available in the nucleus

is not enough to emit any one of the possible evaporating AN)=N_(N)+Xog(N)+ X, (N)+Ag(n) (51)
particles. At this point the evaporation process stops, and we
can calculate the nuclear fissility by the expression with \¢(n) being the total rate of particle emission from the

nth exciton configuration. The quantitias (n), Ag(n), and
N, (n) are the average rates for internal transitions from the
nth exciton configuration with a change of exciton numbers
by —2, 0, or+2.

Using the model described above, we calculated the fis- The internal transition rates can be written as the product
sility for 2"Pa(Fig. 3, solid curve. Peaks observed for the of the average squared matrix element of the residual inter-

Fi. (49

i-1
[1 (1-F)
j=0

w=2
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x10% x 10°%
120 . . . 80 . .
A -1/2[301]E=-15.490
> 1/2[420] E=-19.254 60 J
(o) 80 1
= 40-
0 4
o 20
[72]
N 0 . . : 0 . . .
g 1400 1600 1800 2000 1400 1600 1800 2000
- 4 -1/2[32'115--21 o1 40 ' ' FIG. 4. Sevenfolded differen-
2 a3p] T 30 H2[312]E-21202 | tial cross sections for the parallel
% kinematics. The calculations of the
- 201 7 cross sections were accomplished
G 0l ] 10l ] for £,=2000 MeV, ge=23°, ¢
° . . =0°. The cross section foE=
a 1400 1600 1800 2000 1400 1600 1800 2000 —10.388 MeV state(sub-bariey
T 12 , : ; , . . is multiplied by 100.
C}q’ 3/2[422]E=14.302 204 -1/2[541]E=10.388 |
© 81
~—
© 104
~ 4
ko]
0 . . . 0 . . .
1400 1600 1800 2000 1400 1600 1800 2000
g, (MeV)
action|M|? with the relative density of available states. For Ney(N,€)de, =\, (p,h,E,e,)de,
the latter,STAPRE uses the expressions of Willianj&3] as
corrected for the Pauli principle by Clirj@4]. These yield
ZWMVEVUV(SV)RV
27 9(9E=Cpiini1)’ T
A_(N)=A_(p,h,E)=—|M|? e
# p+h+1 w(p—l,h,E—BV—aV)d 53
w(p,h,E) oo
21 )
No(N)=N\o(p,h,E)= 7|M| g(p+h—1)(gE-Cpp), wherep, is the reduced mass of the emitted neutron/proton,

€, is its outgoing kinetic energy,, is its separation energy,
o and o,(e,) is the cross section for the inverse absorption
A(M=\_(p,h,E)=—|M |ngh(p+ h—2), (52 process. The factdR, is a simple correction standing for the
h fact that neutrons and protons have not been distinguished in

the process; thus,
where

o N/A  for neutron emission
=z R - . .
Cpr=2(p"+h%) ¥ | ZIA for proton emission.

with E the excitation energy of the system. The paramgter The densities of states are taken to be the Williams densities
is the single-particle state density, which is taken togbe
=(6/7?)a, with a as the level density parameter. Following
Ref.[25], the average matrix element is approximated as

9(gE—A,p)P "t

©(p.hB) = = o h=1y1

(54)

where the Pauli blocking correction is

M=t

AE Aph=7(p?+h?+p—3h).

whereA is the mass number of the system anpgdis a pa- The differential emission rates differ from those of usual

rameter, which we assumed to hig=230 Me\? in our  Weisskopf compound nucleus emission by the faBpand

calculations. by the use of exciton state densities rather than compound
The particle emission rateg(n) is the sum of the inte- nucleus ones.

grated proton and neutron differential emission rates The time evolution equation, Eq50), forms a set of

Ney(N,e) de,, which are determined through considerationscoupled linear differential equations whose solution could be

of detailed balanc§24], written in the form of a vector as
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L HNr————T 7
100 ]
o —— 1/2[420]E=-19.254 |
------ -1/2[301]E=-15.490 [} — -52[312]E=-21.292
AU -12[321]Ee=21614 41 | 3/2[422]E=-14.302
80 N R [— -1/2[54 1] E=-10.388
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FIG. 5. Momentum distributions for some proton bound states
having maxima at the low missing momentum region. FIG. 6. Momentum distributions for some proton bound states
having maxima at the high missing momentum region.
P(t)=exg — At]Po, sion removes some excitation energy before an equilibrium
is reached reducing, therefore, the probability of opening

where the matrix. is given by new chances for fission.

A =N(N) S n=N-(N+2)Snr nr2— No(N) Spr
_)\+(n_2)5n’,n—2a

V. FINAL RESULTS

The differential cross section for thes,g’pf) reaction
was obtained by assuming an isotropic angular distribution

and the vectoP, describes the initial exciton configuration for the fission fragments, and the fissility as a factor,

of the system,
d’o 1 d°o
dQdQ,dE,dQ¢ Ax dQ.dQ,dE,
The decay of the system into all possible final configurations - gjq, re 4 shows the sevenfolded differential cross sections
can be obtained by integrating the total emission rate over a7 /40 40 dE dQ), for some bound proton statéZable
€ P p

Po(n)=Po(p,h)= p p,h n,-

P (56)

time, ) and the compound nucleus model fissilisolid curve in
" Fig. 3) calculated fore;=2000 MeV, fe=23° and the par-
> f Ao(N)P(n,t)ydt= >, Ne(N)(A™H, Po(n’). allel kinematicq 26]. In this kinematics, and e are fixed,

n 0 nn' !

(55) 14 T . T . T . T , T

12 -

The decay of the fraction of the initial probability, which =
survives preequilibrium emission, is described using the® I ]
Hauser-Feshbach formalism. We have considered fission it £ 08 .
competition with neutron and gamma emission. ® sl

The initial configuration in?*’Pa consists of one particle
at the Fermi level and one hole in a bound state. This con- ' '
figuration is consistent with the proton knock-out reaction 800 - 8
for 238U initiating the statistical cascade. Our calculations 600
were performed assuming a one-hole initial configuration of
the =0 partial wave alone. The particle at the Fermi level = |
contributes negligibly to the equilibration process. The fis- w~2®[ ]
sion barriers, neutron separation energies, and level densit 0
parameters were taken to be the same as those of the con
pound nucleus calculations in the preceding section.

The exciton model fissility results for single-hole states of
?%’Pa are shown in Fig. 3 by the dotted curve. We note that FIG. 7. Variation of the anglé, . (see Fig. 1and the outgoing
these calculations for fissility show a smoother behavior thaproton kinetic energy, vs e, for the parallel kinematics ane;
that for compound model. The preequilibrium particle emis-=2000 MeV, de=23°.

MeV)

400 | -

T T T T T M T T T
1200 1400 1600 1800 2000
e, (MeV)
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FIG. 10. Missing momentur®,,, and angleep ,q as functions of
FIG. 8. Differential cross sections for some bound states ofthe outgoing proton kinetic energy fo@ £0.98 rad (solid
283, having maxima of the momentum distributions at the low curve) and 0.83 raddashed curve
missing momentum region. The calculations of the cross sections
were accomplished fok,=2000 MeV, #e=23°, ¢=0°, and

Op, 1 =0.98 rad. Figures 8 and 9 show the differentia, e’ pf) cross sec-

tions calculated for the same, and e but for two fixed
proton anglestp ok =0.98 rad for the group of proton states
and for each value of, the proton spectrum is measured in of 238 which have a maximum in the low missing momen-
the direction off, varying each time the angl ok, (See Fig.  tum region(Fig. 5), and 0p k,=0.82 rad for the group hav-
1). For such scheme of measurements the m(tnallssmg ing a maximum in the high missing momentum regi&iy.
momentum of the protop,, is always parallelor antiparal- ~ 6). These anglegp ok, Were chosen in order to achieve par-

lel) to q. The parallel kinematics simplify the accounting of allel kinematics, that isfp q=0, and maximum for cross

FSI, since there are no contribution of interference terms irsections at both the Iow% 0.98 rad) and high 4p

the cross sectionsee Eqs(9)]. Figures 5 and 6 show the =0.82 rad) missing momentum regions. Figure 10 shows

momentum distributions for states used in the calculation othe missing momentur®,, and the angledp ,q as functions

the cross sections presentEd in F|g 4 and Flg 7 shows thﬂ the outgo”']g proton kinetic energy fo@ =0.98 rad

outgoing proton kinetic energy and angﬂspk vse, forthe  (solid curvé and 0.83 raddashed curve

parallel kinematics we use. It is seen from the Figs. 8, 9, and 10 that for such a choice
the cross sections have maximaBgt around 300 and 400
MeV and, for these energies, the proton ang&%q are

Xio'ffo ————————————— small (parallel kinematick
- : The differential cross sections presented in Figs. 4, 8, and
e ] 9 correspond to the situation when the hole excitation ener-
ol — -1/2[541]E=10388 . gies for anA—1 nucleus are the compound nucleus excita-

T tion energies, that is to say, the complete thermalization is
reached without any preequilibrium decay. Such calculations
] could be considered as an upper limit estimate for the cross
4 section.

n
o
L

VI. CONCLUSIONS

—
o
T

We presented a theoretical study for the quasifree electro-
fission of 28U. The proton bound states were calculated in
the framework of the macroscopic-microscopic approach, us-
A B AL AL R LA AL R LA R R LA B . . . .
100 200 300 400 500 ing the axially deformed Woods-Saxon single-particle poten-

d’c/dQ dQ dQ dE_ (cm®/sr’MeV

o
T

E (MeV) tial. The occupation numbers were calculated in the BCS
P approach.
FIG. 9. The same as in Fig. 8, but for some bound staté&%f The exclusive differential cross sections for the quasifree
having maxima of the momentum distributions at the high missingscattering reaction stage were calculated in PWIA using off-
momentum region and foﬁppklzo.sz rad. shell electron-nucleon cross sections.

044611-10



QUASIFREE ELECTROFISSION OF*%y PHYSICAL REVIEW C65 044611

The fissility for the single-hole states of the residualorder of magnitude estimates of the expected cross sections
nucleus 2"Pa was calculated in the framework of two ap- for quasifree electrofission 2.
proaches: compound nucleus model without taking into ac-
count the preequilibrium emission of the particles, and the ACKNOWLEDGMENTS
exciton model accounting for preequilibrium emission. Both  The authors thank the Brazilian agencies CNPq and
models exhibit the same general trend, but the fissility asAPESP for the partial support to this work and the graduate
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